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Fibroblasts for the treatment of muscular disorders 
BACKGROUND OF T HE INVKNTf ON 
1> FIELD OF THE INVKNTION 

This invention relates to the treatment of muscular disorders, in particular those 
resulting from the wastage of muscle such as muscular dystrophy or from muscle 
5 degeneration^ e.g. as a result of traumatic injury. 
2. DESCRIPTION OF THE RELATED ART 

Skel^ muscle cells are composed of multinucleated cylindrical structures 1 0- 1 00 
Jim in diameter and of lengths of the order of millimetres or even centimetres, surrounded 
by a plasma membrane. The cells are capable of contraction and arise by fusion of 
1 0 myoblasts, which are immature muscle cells. 

One of the commonest forms of muscle disease is Ducherme muscular dystrophy 
(DMD). It is caused by an X-chromosome-linked graetic defect which results in a lack of 
production of the protein dystrophin. Since it is unlikely that the defect will occur in 
linkages to both X chromosomes of a female, and since it is recessive in character, it is 
15 transmitted only to males through the defective X-linkage. Becker muscular dystrophy 
(BMD) also results from an X-linked genetic defect. 

Following the cloning of the DMD gene, interest has heightened in using a form of 
therapy, termed myoblast transfer therapy, to alleviate the myopathic condition in DMD 
muscles. Thus, J. E. Morgan et al, J. Cell Biology 111, 2437-2449 (Dec 1990) 
20 worked with irradiated muscular dystrophic {mdx) mice. Mdx mice, luilike humans, 
spontaneously regenerate the affected muscle. Irradiation of an area of the skeletal muscle 
makes it unable to regenerate the muscle in this area. These authors showed that muscle 
degenerated by dystrophin deficiency in the skeletal muscle of mdx mice can be regenerated 
by implanting neonatal muscle precursor cells (myoblasts) from wild-type (i.e. non- 
25 diseased) mice. These authors inhibited the natural regeneration of muscle in mdx mice by 
applying a high dose of X-rays locally to a leg of the mice 3 days before injecting them 
with the culture of the neonatal cells. The proposed therapy is to take myoblasts from 
normal donors and insert them into the muscles of DMD boys. The source of donor 
myoblasts would be from a histocompatibility-matched donor (often the father) where 
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problems of immune rejection would be reduced and where the presence of the normal 
counterpart of the dystrophin gene and its protein product would replace that missing in the 
DMD muscle. The object is to effect fiision of these cells with the muscle fibres of the 
DMD boys which are themselves dystrophin-negative. Fusion of dystrophin-positive donor 
5 myoblasts with dystrophin-negative DMD muscle fibres would thus, at least partially, 
restore dystrophin fimction to the fibres. Thus. E. Gussoni et al.. Nature 356, 435-438 
(1992) treated eight boys with DMD by transplanting normal myoblasts fmm a feiher or 
anunaffectedsiblingintotheirmuscle. Three patients with deletions in the dystrophin gene 
expressed normal dystrophin transcripts in muscle biopsy specimens taken after myoblast 
10 injections. Using the polymerase chain reaction, these authors estabUshed that the 
dystrophin gene was expressing normal dystrophin in these biopsy specimens. Although 
in this work, the numbers of dystiMphin-positive fibres produced in DMD muscle were 
low, the method holds some promise. D. J. Watt era/.. Nature 368, 406-407 (March 1994) 
injected myoblasts carrying the lac Z gene encoding (J-galactosidase (p-gal) into the 
1 5 muscle of first host wdr mice and subsequently grafted this muscle into second host mdx 
mice, surrounding the grafted muscle with "Spongostan" supported medium. When the 
neighbouring muscle in the second host mice was injured, the myoblasts containing the toe 
Z gene migrated tiirough the Spongostan to produce p-gal-positive and dystrophin-positive 
myotubes adjacent to the injured muscle. By contrast, this effect did not normally occur 
20 when the muscle was uninjured. However, in one case of uninjured muscle spontaneous 
regeneration of the muscle, typical of mdx mice, was occurring and here tiie p- 
gal/dystrophini>ositive fibres were seen in the surrounding muscle. Ttiese results show that 
unplanted myoblasts migrate towards areas of muscle injury and muscle regeneration. TTus 
movement may be the result of some chemolactic influence exerted by injured muscle 
25 fibres. 

A fiirther advance on this type of tiierapy would be to use the DMD boy's own 
dystrophin-negative myogenic cells and insert the missing gene into them, which is easily 
achievable and the route contemplated for many forms of gene tiierapy on varied 
tissues. Recently, G. A. Cox et al.. Nature 364, 725-728 (1993) demonstrated timt ti^e 
30 over-expression of dystrophin in transgenic mdx mice containing a fiill lengtii cDNA 
encoding murine dystrophin appeared to prevent dystrophic symptoms and to have no 
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harmful side effects. However, although this therapy removes the problem of immune 
rejection of a "non-self cell, it poses a problem not encountered with using donor cells of 
a non-self source. The myogenic cells of DMD boys are fiirther down the senescence 
pathway than "normal" non-DMD myoblasts, for they have already passed through several 
5 bouts of degeneration/regeneration and brace mitoses. Given the Hayflick phenomenon, 
that cells divide a quantum number of times (50) before death, the strategy of using these 
"older" cells is not ideal. 

In recent years, therefore, interest has centred on these two £^proaches as the most 
promising. Further prior art, of the context of vrfiich would not be clear without-knowledge 

10 of the present invention, is referred to under "Summary of the invention". 

It has now been found that an alternative approach may offer advantages, as it can 
avoid using cells vrfiich might not be well enough matched to prevent Lmmime rejection and 
also avoid use of "older" cells. 
I^TIMM ARY OF THE INVENTION 

15 The present invention is based on the radically different idea of using fibroblasts of 

dermal origin as the donor cells. Surprisingly, it has been found that when dermal 
fibroblasts are implanted in muscles of an animal which has a muscular disorder, these 
donor fibroblasts appear to fiise together to make a multinucleate cell which behaves like 
a muscle cell. Since these newly-formed cells express the same products (e.g. dystrophin, 

20 desmin, carbonic anyhdrase HI) as are specific to native muscle cells in the nornial animal 
(and, therefore, not found inter alia in the donor fibroblasts), they are considered to have 
been converted to the myogenic lineg^e. 

Although it appears that muscle and lung fibroblasts as donor cells have some 
beneficial effect, it is small, whereas dermal fibroblasts give a large effect. An important 

25 aspect of the invention is therefore defined as a method of treatment of muscular disorder 
in a patient, which comprises administering to or adjacent to the muscle cells of the patient 
immunologically compatible dermal fibroblasts under conditions effective to convert the 
dermal fibroblasts to myogenic cells capable of producing products expressed by muscle- 
specific genes. In countries v^ere a method of therapeutic treatment is not protectable, the 

30 use of the donor cells for the stated purpose or in the preparation of a formulation of the 
cells for the stated purpose should be substituted for the above method definition, as legally 
appropriate or conventional. 
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yiHtTHFR PRIOR ART 

In the work of J. E. Morgan et al. (1990) supra, the donor muscle cells implanted 
were a mixture of myogenic and non-myogenic cells, no steps being taken to separate the 
non-myogenic cells, vvWch must have comprised fibroblasts. However, the authors refer 
5 to "cause for optimism with regard to the use of myogenic cells for treatment of inherited 
myc^atbies" and surest investigation inter alia into whether myogenic cells obtained fiom 
different developmental stages of muscle differ in the efficiency witii which they can 
restore or maintain normal muscle histology and function". 

Ten years ago H. M. Blau et al^ Science 230, 758-766 (1985), in a paper entitled 
10 "Plasticity of the Diflfercntiated State", used muscle ceUs to determine the extent to which 
highly specialised cells were still capable of cjqjressing genes of die nuclei of other cell 
types. Mouse muscle cells were fiised in vitro witii cells of ottier phenotypes. In these 
fiised cells or heterokaiyons, muscle gene expression was activated in tiie non-muscle 
nuclei of tiie fused cells. The non-muscle cells included four kinds of fibroblasts, one of 
1 5 which was skin fibroblasts. The authors concluded that tiiis activation must be mediated 
by molecules transplanted to nuclei tiirough the cytoplasm. 

Six years ago, S. Chaudhari et al.. Nature 341, 445-447 (1989) described tiie in vitro 
fusion of genetically defective (dysgenic) mouse myoblasts witii fibroblast cell lines 
including inter alia rat dermal fibroblasts. Altiiough dysgenic myoblasts can form 
20 myotubes tiiey are unable to contract The myotube is fimher along tiie differentiation 
patfiway fiom tiie myoblast. The experiment involved adding tiie fibroblasts to myoblasts 
plated out fiom a culture. The autiiors remarked tiiat fibroblasts seem to fiise very rarely 
if they arc added after tiie myotubes have fiilly formed. They presume tiiat tiie muscle 
cytoplasm induces the fibroblast nucleus to express muscle-specific genes, citing tiie Blau 

25 et al. paper. The authors add: 

"We do not yet know whetiier a similar fiision process can occur in vivo or, 
conversely, whetiier mechanisms exist to prevent such fiisions. If fibroblasts can 
fuse witii developing muscle in vivo, tiiey might serve as a usefiil donor cell-type 
for tiie treatment of genetic diseases of muscle in humans". 
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The authors do not explain how such treatment would be helpfiil if the muscles are not 
developing, but wasting, nor do they indicate that fiision wholly between fibroblasts might 
occur. Their work was concerned solely with in vitro fusion of fibroblasts to muscle cells. 
The Chaudhari et aL work has been neglected by the art, presumably because, for 

5 the above reasons, there was no reason to suppose that conv^sion of the dermal to a 
myogenic lineage would occur in vivo and because other treatments involving muscle cells 
appeared more promising. 

During the priority year, the invention was published in a paper by Gibson et aL 
(including the inventors) in Journal of Cell Science 108, 207-214 (1995). The publishers 

1 0 have reported an unexpectedly heavy demand for reprints of the paper. 
n nr5;rRTPTION OF THE PREFERRED EMBODIMENTS 

The treatment is based on the notion that at least some of the donor fibroblasts fiise 
with each other, express muscle-specific genes, and thereby become cells of the myogenic 
Imeage, notably muscle cells or satellite cells thereof The effect is most easily seen in the 

15 irradiated mdx mouse. When the same human fibroblasts as may be administered to a 
human patient, but possibly carrying a marker, are administered to irradiated mdx mice, the 
effect can be observed and such a test in mice may be considered as a test of the 
competence of the deraial cells (if any be needed) to be effective in the treatment of 
humans. Normally, the treatment aims to increase tiie number of dystrophin-positive cells 

20 found in the muscle of the treated patient, e.g. by muscle biopsy, die production of the 
muscle-specific protein dystrophin being regarded as a measure of success in conversion 
to normal muscle. 

This invention has been particularly well demonstrated by Example 8, in which 
dermal fibroblast cells, fi-om a human dystrophin gene-positive transgenic mouse, were 
25 implanted into an mdx mouse lacking dystrophin-positive muscle fibres. The mdx mouse 
muscle fibres became dystrophin positive and this gene could jmly have been provided by 
the donor cells. Thus, the gene was chromosomaUy incorporated into the dermal fibroblasts 
and expressed in a different cell type, viz. muscle cells. 

The invention relates primarily to skeletal muscle but could be applied to cardiac 
30 or smooth muscle. It is of interest mainly in relation to muscular dystrophy, particularly 
DMD or BMD, but could be applied to any wasting or degenerative disorder of the muscle, 
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including injured or damaged muscle. This includes traumatic injury, but not, of course an 
injury so severe that the muscle "architecture" is \sdiolly destroyed. Where the patient lacks 
or substantially lacks dystrophin-producing or another muscle-specific gene or possesses 
such a gene in a sub-normal concentFation, the dermal fibroblasts administered contain the 
5 relevantly required DN A. The dermal cells may be transfected with this DNA in any of the 
usual ways, preferably so that it is incorporated within the ceil nucleus. One such way is 
to incorporate the relevant DNA in a viral vector such as an adenovirus or adenovirus- 
associated vector and transfect the fibroblasts with the vector. Subject to safety 
requiremmts, a retroviral vector could alternatively be used. Dermal fibroblasts have been 

10 infected with retroviral vectors for gene then^y, see e.g. J. H. Axelrod et al., Proc. Natl. 
Acad. Sci. USA, 87, 5173-5177 (1990), D. St Louis and I. M, Verma ibid, 85, 3150-3154 
(1988), T.D. Pahner et al. Blood 75, 438-445 (1989) and R. L Garver Jr. et aL, Science 
237, 762-764 (1987). Such methods could be used, substituting dystrophin or other 
muscle-specific DNA for the factor DC and alpha-1 anti-trypsin genes of these references. 

15 Another way is direct injection of the muscle-specific DNA into the fibroblasts. The 
manner of incorporation of the relevant DNA into the fibroblasts is not critical and other 
methods will be apparent to those skilled in the art The relevant DNA may be a fiill length 
gene or only part thereof A partial gene such as the so-called dystrophin minigene, see 
M. Dunckley et al, FEBS 296, 128-134 (1992) is often usefiil, for both BMD and DMD, 

20 especially where a retroviral vector is being used. The fiiU length dystrophin gene, which 
has been described by N. Wells et al. Human Mol. Gen. 1, 35-40 (1992), is usefiil in 
methods where no vector can present or package DNA of such a long length. Appropriate 
regulatory sequence is included as may be required by the technique used, as is well known 
in the art. 

25 Preferably the patient is not totally lacking in muscle cells when the treatment of the 

present invention is applied. A chemotactic factor present in the muscle cells may aid in 

the conversion of fibroblasts to muscle cells. 

The invention includes specifically dermal fibroblasts containing, especially within 

the cell nucleus, a muscle-specific DNA, especially DNA encoding part or all of the 
30 dystrophin-protein. The DNA may be a full length or a partial gene, as noted above. Cell 

suspensions and biologically pure, especially serum-firee, culture media containing such 
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cells are also included within the invention. Nothing in this specification is to be construed 
as laying claim to rights in a part of the human body except when isolated therefiom. 

Where the muscle disorder results fi-om injury and the patient has normal muscle- 
specific genes, the donor fibroblasts need not contain any foreign DNA, 
5 The donor cells must be immunologically compatible with the patient to be treated 

in order to prevent their being rejected as foreign. Thus, some attempt will normally be 
made to match HLA type, as in other kinds of treatment involving the donation of body 
tissue. Preferably the donor cells are fix)m the patient being treated. These cells are very 
easily harvested, e.g. by biopsy, to remove tissue fiom the dermis. 
10 The route of administration of the donor cells is not critical so long as they are 

brought into intimate or near contact with the patient's muscle cells. Intramuscular 
injection (into the muscle) is the preferred route; intermuscular injection (between muscles) 
is possible. Other methods are implantation, to open up the skin and expose the muscle, 
and intra-arterial injection, e.g. into the femoral artery. 
15 It has been found experimentally that dem:ial fibroblasts implanted into one muscle 

migrate to other, nearby muscles and there contribute to the formation of new muscle fibres 
and within these fibres express a muscle-specific gene. 

The cells can be prepared for administration as follows. Skin biopsies are taken 
from the DMD patient to include the dermal layer. Dermal fibroblasts are grown in culture, 
20 but in serum-fiiee medium, in case when the dermal cells are re-introduced to the patient, 
elements of animal serum proteins cause any immune response or contamination problems. 
Thus, a medium using serum-firee supplements is normally required. Following growth 
of the dermal cells in culture, the normal counterpart of the defective gene (when required) 
is delivered to the cells. The cells arc formulated as a suspension in a serum-fi:ee medium 
25 or as a cell pellet Virological and bacteriological testing is compulsory before re- 
implantation. 

The donor cells will normally be administered at a single time and at more than one 
site in the affected muscle. Generally, they will be administered, normally by injection, at 
30 or more sites, especially 30-100. The total amount of dermal cells administered will 
30 usually be in the range 10^ to 1 0^^ for humans. 

While the invention is mainly of interest for treating human patients, it includes 
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trcaunent of non-human animals such as pets, livestock and animals used in the production 
of food. The dosage of cells wiU need adjustment with size of animal, but this is well 
within the comprtence of those skilled in the art- 

The following Examples illustrate the invention. 
5 The words "POLYBRENE", "SPONGOSTAN", "FUNGIZONE" and "TRITON" 

are Registered Trade Marks. 

I , Pf^pamtinn of IVrmal FibroMMt? 

The skin ftom neonatal normal mice of strain C57Bl/10ScSn was harvested by 
10 ventral incision along the length of the anterior abdominal wall and removing the skin ftom 
the underlying tissues. The skin was placed for 2 minutes in a petri-dish containing 70% 
alcohol to remove contaminants fiom the skin which would cause infection of cells in tissue 
culture. The skin was then removed to a petri-dish containing phosphate buffered saline 
(PBS) containing the antibiotics 80 lU/ml penicillin and 80 mg/ml streptomycin and 1% 
15 -Fungizone" (250 |ig/ml amphotericin). Any adherent fet was scraped fiom the 
hypodennic surface of the skin. 

Then the skin was placed in a petri dish containing Basal Salt Solution (BSS) 
containing penicillin and streptomycin (as above) and cut using crossed scalpel blades into 
1 mm3 pieces. The small pieces were removed singly into a tissue culture flask providing 
20 a 25 cm2 growth area contaiiiing the minimum amount of growth medium. Minimum 
amount ofmediumCl mlforthe 25 cm2giowthareaTCflask)allows attachment of skin 
pieces to substratum. The growth medium was "DMEM" (Dulbecco's Miniihal 
Eagle's Medium) supplemented vwth 2 mM L-glutamine, 88 lU/ml penicillin/88 mg/ml 
streptomycin (all suppUed by Life Technologies Ltd) and 10% Fetal Calf Serum (Labtech 
25 International). The culture vessel was placed in a 37-C incubator in 5% CO2. Tliree hours 
after transplanting the skin pieces an additional 1-2 ml of growth medium was added to 
ensure that the skin did not dry out. 

The skin was left in culmre until fibroblasts grew out from explanted skin. The 
medium was changed every 3 days during this time. When sufficient outgrowth had 
30 occurred, the skin pieces were removed to allow the culture to become sub-confluent. 
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On reaching sub-confluency, cells were washed in Ix phosphate buffered saline 
(PBS) and detached ftom the substratum using 0.25% Trypsin (Life Technologies). The 
action of tiypsin was stopped after detadunent of cells by the addition of growth medium 
containing 10% fetal calf serum. Cells were pelleted by centrifiigation at 350 g for 
5 10 minutes and resuspended in growth medium (as above) to a concentration of 
2 X 10^ cells/ml. This suspension was then plated into culture vessels and grown in the 
same growth medium as above until sub-confluency. This cycle of operations constituted 

a single passage. 

The cells were passaged thus at least 6 times before implantation into mouse 
1 0 muscle. Some cells were ring-cloned, after passage 1 9, as follows. 

Cells were trypsinised as above, and diluted in growth medium to 100 cells in 10 ml 
of growth medium. These were plated into 100 mm petri-dishes to induce single cells 
attachment to the substratum. When single cells were detected, cloning cylinders (2 mm 
internal diameter cut ftom "Perspex" tubing) were placed over such single cells to ensure 
1 5 such single cells grew as clones. Clones were harvested by trypsinization once each had 
produced a colony of 1 2-1 5 cells from the original one cell isolated. 
% Prepgrarinn of Mp sde Fibroblasts 

Muscle cells were prepared from muscle tissue of neonatal mice by disaggregation 
with tiypsin and pangestin, exactly as detaUed in D. J. Watt et al, J. Neurological Science 
20 57, 3 1 9-33 1 (1982). The cells were plated out and left for 40 minutes in an incubator, 
during which time the fibroblastic cells adhered to the plate, but myogenic cells remained 
in suspension. Growth medium containing myogenic cells was removed and fi«sh growth 
medium added to the original flask with attached fibroblasts. Contaminating cells other 
than fibroblasts were stiU present in these cultures, but after passage at least 6 times the 
25 fibroblast became the predominant cell in the culture and such fibroblasts were used for 
injection. They were determined to be 100% fibroblastic using standard ultrastnictural 
methods and immunocytochemistry. Immunocytochemistry was performed using 
commercially available anti-desmin antibodies (from Sigma Chemical Co.) which 
recognised intemiediate filament proteins characteristic of myogenic ceUs. All cloned cells 
30 were desmin-negative, indicating they contained no myogenic ceUs. This was confirmed 
by their appearance at the ultrastructural level, which also indicated that they were indeed 
fibroblastic. 

-9- 



wo 96/09373 



PCT/GB9S/02187 



3. Preparation of Mice for Impiantation of Demaal Fibroblasts 

In all experiments nude mdx mice Avere used as recipients. The athymic nude mouse 
is immunologically compromised, possesses no thymus and hmce will accept tissue 
from any other strain of mouse and indeed xenografted material without the fear of 
5 rejection of the implanted foreign tissue. 

The right hind limb of each host x-linked muscular dystrophic (/m£c) mouse was 
subject to 1,800 rads X-irradiatioiL This treatment knocks out the endogenous muscle 
precursor cells and renders the mdx muscle inc£q)able of regeneration and hence more akin, 
histopathologically to DMD muscle. The method for such irradiation is as indicated in 
10 Wakeford et al. Muscle & Nerve, 14, 42-50 (1991). 

The left lower hind limb of host mice remained unirradiated and hence will accept 
tissue from any other strain of mouse and indeed xenografted material without the fear of 
rejection of the implanted foreign tissue. 

4. Infection of Fibroblasts into Mdx Recipients 

15 Both dermal and muscle fibroblasts (in separate experiments) derived from the 

normal C57Bl/10ScSn strain of mouse, the normal strain from \^ch the mdx mouse 
spontaneously arose, were injected into the tibialis anterior (TA) muscles (right irradiated 
and left unirradiated) of the host athymic nude mdx mouse. 3 x 10^ cells were injected 
\ising a thin pipette with microlitre markings, flamed and pulled to a very fine poiiit. The 

20 cells to be injected were spun into a pellet so that approximately 10 \i\ of cell suspension 
weie injected into the very superficial fibres of the TA muscles, following the protocol 
developed in D, Watt et a/.. Journal of Muscle Research and Cell Motility 14, 121-132 
(1993). 

^. Analysis of Muscles 

25 3 and 6 weeks after implantation, TA muscles were removed and frozen in melting 

isopentane cooled to -165 by liquid nitrogen. Cryostat sections were cut until the site 
of injection had been reached, at wiiich time 8 fim thick cryostat sections were cut. The first 
section was taken for histological examination, the second for dystrophin immunostaining 
and the diird for glucose-6-phosphate isomerase (GPI) characterisation. 

30 (a'y Histolopical examination 

Sections for histological examination were washed in distilled water for 2 minutes, 
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Stained in haematoxylin for 2 minutes and washed in running water for 1 minute. After 
being differentiated in 70% alcohol containing 1% v/v hydrochloric acid for 5 seconds (to 
differentiate nuclei from cytoplasm) they were "blued" in running tap water for 5 minutes 
("blueing" converts acid haematoxylin to neutral haematoxylin ^A^iich gives the stain its 
5 characteristic blue colour). Sections were then counterstained in eosin for 1-2 minutes 
before being rinsed briefly in water and briefly dipped in 70% alcohol. They were then 
dehydrated in 2 changes of 1 00% alcohol for at least 2 minutes (eadi change) and immersed 
in 2 changes (2 minutes each) in xylene to clear them before being moimted in a xylene- 
based mountant 

10 This examination showed that the sections contained small and variable diameter 

fibres with non-peripherally placed nuclei characteristic of newly formed regenerated 
muscle fibres. 

rb> Dystrophin immunostaining 

Further sections were taken, some 100 ^m and 200 ^m deeper than the first, 8 fim 

15 sections, and the three sections bom these different levels were immunocytochemically 
stained for dystrophin by incubating for one hour with a rabbit anti-<lystrophin primary 
antibody, followed by a one hour incubation with anti-rabbit biotinylated IgG as secondary 
antibody and visualised using an avidin-fluorescein conjugate as label. Sections were 
counterstained for 20 minutes with 0.5 ^g/ml propidium iodide.. The majority of 

20 dystrophin-positive fibres were centrally nucleated. 

Some anti-dystrophin antibodies are commercially available, but in this test the 
inventors used the P6 antibody from Dr. P. N. Strong, Dept. of Paediatrics and 
Neonatal Medicine, Royal Postgraduate Medical School, Hammersmith Hospital, 
London W12 ONN, U.K. : see T. G. Shenatt e( aL, Biochem. J. 257, 755-759 (1992). P6 

25 recognises the -COOH terminus of dystrophin. 

Immunofluorescence images were acquired using a Photonics Science Labstar 
intensified CCD camera attached to an Olympus BH2 fluorescence microscope. Following 
acquisition, images were stored on an optical disk. Quantitation of the area of the section 
that was immunofluorescently labelled was carried out and the territory occupied by 

30 fluorescent muscle fibres expressed as a volume fraction (percentage of the frame labelled). 
Results are shown in Table 1 . Mdx mice are dystrophin-negati ve and in irradiated muscle 
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remain so. I>eimal fibroblasts implanted into irradiated mdx muscle resulted in strikingly 
higher proportions of dystrophin-positive fibres as compared with non-irradiated muscle, 
when examined a&er 21 days. The lower peroaitage of dystrophin positivity at 42 days in 
irradiated muscle reflects the organisation and compactness of the positive fibres seen 
5 histologically. Lower proportions of dystrophin-positive fibres observed after implanting 
cloned dmnal fibroblasts could be the result of using passage 19 cloned cells which may 
have lost some pluripotaicy. After implanting muscle fibroblasts (uncloned), higher levels 
of dystrophin-positive fibres woe observed than would be expected Scorn revertant fibres, 
suggesting some participation of implanted cells in muscle fibre formation. 
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lABLEJL 



Source of implanted 
Cells 



5 Dennal Fibroblasts 
uncloned 



10 



Days after 
Implantation 



21 
21 
21 
42 
42 
42 



Vol. % sections showing 

dystrophin positivity 

KuTffdMttd Non-irradiateri 



49 
55 
49 
17 
5 
4 



6 
1 
8 

2 
2 
2 



Dennal Fibroblasts 
cloned 



21 
21 
21 
21 



27 
20 
17 
14 



8 

2 

0.2 

2 



15 Muscle Fibroblasts 21 I 2 

uncloned 21 1 3 

21 3 4 

42 3 0.8 

42 2 1 



20 (c> GPI characterisation 

The isoenzymes of GPI were used to assess the relative contribution of host and 
donor cells to the muscle fibres present in the regenerating implanted TA muscles as 
follows: 

The cryostat section was overlaid with a small piece of filter paper in oider to absorb out 
25 the GPI isoenzymes. The filter paper with the GPI isoenzymes absorbed to it was loaded 
onto the surface of an agarose gel and electrofocused. Sites of GPI activity on the gel were 
revealed by using an agar overlay containing a reaction mixture of fiuctose-6rphosphate, 
NADP, glucose-6-phosphate dehydrogenase, phenazine methosulphate and nitroblue 
tetrazolium. 

30 Isoelectrofocusing separates three isoenzyme types of GPI in the mouse. The most 

anodally positioned isoenzyme consists of two sub-units coded for by the GPI- lb gene, and 
characterizes tissues derived from homozygous GPl-lb/GPI-lb mice, such as the 129/ReJ 
strains of the donor mice. The most cathodaliy positioned isoenzyme comprises two sub- 
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units coded for by the GPI-la gene, and characterizes homozygous GPI-la/GPIAa mice, such 
as the C57ByiOScSn strain of the host (recipient) mice.' In muscle grafts, however, a 
"hetcrodimeric" isoenzyme form arises by association of one sub-unit coded for by the GPI- 
la gene, and one sub-unit coded for by the GPI-lb gene within the cytoplasm of the 
5 syncytial skeletal muscle fibre. Thus, a heterodimer occurs if mosaic muscle fibres have 
formed by the fiision of host and donor mono-nuclear precursor cells, resulting in the 
expression of both host and donor GPI genes with a common cytophisnL For fiirther detaU 
of the method, see D. J. Watt et al. Neuromuscular Disorders 1 , 345-355 (1991). 

ifiy pfney within ^» mnscle nf tfiemdr m^iisg implanted 




10 FTP"*'""" " 

y^li^^ mW^" dermal fibroblasts 

The gene product chosen in this Example to show the expression of muscle-specific 
proteins within the mdx muscle implanted with mouse dermal fibroblasts was carbonic 
anydrase HI which is expressed in early differentiating muscle. Four mdx nude mice were 
15 injected with 3 x IQS cloned mouse dermal fibroblasts, prepared as in Example I, part 1, 
into both irradiated and non-irradiated mdx tibialis anterior muscle. To investigate the 
expression of carbonic anydrase III, standard immunocytochemical staining of cryostat 
sections cut from the muscles was carried out. The primary antibody was rabbit anti- 
carbonic anydrase III (CA III) [obtained from Dr. Gary Coulton, DepL of Biochemistry, 
20 Charing Cross and Westminster Medical School. London W6 8RF]. the secondary 
antibody mouse anti-rabbit biotinylated IgG. Visualisation required a third layer of an 
avidin-fluorescein conjugate. In all cases double immunocytochemical staming, i.e. both 
for dystrophin and CA III was carried out. The results showed that there was a co- 
localisation of dystrophin and CA III. That is, the newly formed muscle fibres whidi were 
25 dystrophin-positive also expressed CA III, i.e. the same fibres expressed both of these 
muscle-specific gene products. 
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EX AMP L E 3 

ronvcrsi n of dermal fibrobla sts to a myogenic lineage in muscle regenerating after 
injury 

This experiment was set up to investigate the effects of implanting dennal 
5 fibroblasts into musde regenerating afta- injury and not due to disease, (e.g. mdx) muscle 
i.e., of normal C57B1/10 mice. The fluorescent marker PHK-26 fiom Sigma Chemicd Co. 
was used. This substance is a phospholipid v^ch plugs itself into the cell membrar^ and 
remains there. It is said to remain in the membrane of the cells which are labelled for up 
to 100 days following the implantation of the cells in vivo. Cloned dermal fibroblasts were 

1 0 incubated in vitro with PHK-26, during which time the cell membrane was stably labelled 
with this compound. Such cells were then injected into the TA of normal C57B1/10 mice 
as previously described and left for 3 and 6 weeks. Muscles were removed and frozen. 
Sections were cut fiom the regenerating muscle. Assay for dystrophin was not imdertaken, 
as the host mice are dystrophin-positive. After 24 days the fluorescent marker was seen 

1 5 associated with the muscle cell membrane, suggesting that these cells arose fitim dermal 
fibroblasts.. 

In addition to using the PHK-26 marker, dermal fibroblasts carrying the lac Z gene 
coding for p-galactosidase were used for implantation into regenerating tibialis anterior 
muscles of normal (C57BI/10) mice. 
20 Two sources of lac Z labelled cells were implanted: 

(a) C57B1/10 dermal fibroblasts harvested fi^m skin of neonatal mice were 
infected with the mouse moloney leukemia virus retroviral (MoMLV) vector 
carrying the lac Z gene. 

(b) Dermal fibroblasts were harvested firom C57B1 "Rosa" mice, a lac Z 
25 transgenic mouse. All cells fi-om this animal constitutively express 

p-galactosidase. Dermal fibroblasts fiom the "Rosa" transgenic mice were 
received from Dr. M. Skyrmer, Babraham Institute, Cambridge, U.K. 
Results fiom these experiments show the presence of p-galactosidase positive fibres 
in the regenerated graft 21 days after implantation. These results indicate that dermal 
30 fibroblasts have participated in the formation of newly formed muscle fibres. 
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EXAMPLE 4 

Further analvsi§ of masdes 

Example 1 , part 5 was repeated on 23 mdx nude mice except that the third 8 \xm 
section was takm for additional dystrophin immunostaining, mstead of GPI analysis. The 
5 8 Jim sections and the further sections taken at 1 00 [un and 200 nm deeper levels were all 
stained as described, separately, with the P6 antibody and with another rabbit 
anti-dystrophin antibody H12, available fiom the same source. Whereas P6 recognises the 
carboxy terminus, H12 recognises tiie rod domain of the protein. The avidin-fluorescein 
conjugate of Example 1 was replaced by a streptavidin-"Texas Red" conjugate for P6 and 
10 by a streptavidin-fluorescein conjugate for H12. 

Up to 80% of individual muscle sections were positive when stained with P6 and 
H12. All sections positive for P6 were also positive for H12, as result which shows that at 
least the majority of the dystrophin molecule is expressed, 

EXAMPLES 

15 rnnversion nf human dermal fibrobl flsts to newiv forroed muscle fibres in the 

ptyAc mou5ie muscle 

An important step in using dermal fibroblasts as a route of therapy is to investigate 
whether human dermal fibroblasts also form dystrophin-positive fibres in mdx muscle. To 
this end, human dermal fibroblasts were injected into mdx mouse TA muscles using a 
20 similar protocol to that of Example 1 , 

The human dermal fibroblasts were derived firom 3 sources: (a) bom the fecial skin 
of a 46 year old woman; (b) firom the forearm of a 9 year old boy; and (c) firom 
commercially available cells of neonatal foreskin. 

At biopsy (under local anaesthesia) the skin sample fiom the 46 year old donor was 
25 placed in 10 ml of DMEM supplemmted as in Example 1 except that Australian Fetal Calf 
Serum (Sigma Chemical Co.) was used. The skin was transferred to a sterile petri dish and 
then cut using crossed scalpel blades into 1 mm^ pieces. The small pieces were removed 
singly into tissue culture flasks, each providing a 25 cm^ growth area and each contaimng 
1 ml of the above growth medium. The flasks were incubated as in Example 1 , except that 
30 they were inverted to encourage adhesion of the skin pieces to the substratum of the flask 
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(hence skin pieces were made to hang on to the base of the flask vAnch was placed upside 
down in the incubator). Additional growth medium was added as in Example 1 to ensure 
that the skin did not dry out. 

The procedure then continued exactly as in Example 1, part I. 
5 The dermal cells fiom the 9 year old boy were received in a condition in which they 

had already been grown out firam the skin. 

The preparation of the mice and injection of fibroblasts into the mice were as 
described in Example I,parts3and4. 

Some of the sections were then stained with anti-human slow myosin heavy chain 
10 (HuSMyHC) antibody. The slow myosin heavy chain is a human muscle-specific gene 
product. 8 jrni sections were cut at 3, 4 or 5 diflferent step levels through the muscle (varied 
fi-om experiment to experiment). The cut sections were treated as follows: 

1 . The sections were air-dried for 1 5 minutes. 

2. The sections were blocked in 10% Fetal Calf Serum. 10% Horse Serum, 10% Goat 
15 Serum for 30 minutes. This step is used to prevent non-specific binding of antibody to any 

vacant sites on the muscle cell surface. 

3. The sections were washed for 5 minutes in Phosphate Buffered Saline (PBS), 
followed by a fiirther 15 minutes in PBS containing 0.05% "Triton X-100", 

4. The sections were incubated at room temperature in anti-HuSMyHC antibody, by 
20 diluting the commercially available antibody 1 :2 in 0.05% "Triton X-lOO" for 1 hour. 

5. The sections were washed in staining troughs 3 times for 5 minutes each, followed 
by a final 20 minute wash, all in PBS. 

6. The sections were incubated at room temperature in goat anti-mouse biotinylated 
IgG 1 : 100 dilution in PBS, using 50 ^l per section. 

25 7. Washing step 5 was repeated. 

8. The sections were incubated in die daric in streptavidin/fluorescein for 30 minutes, 
using a 1 :100 dilution in PBS. 

9. The sections were washed twice for 10 minutes and then for a further 20 minutes 
in PBS, 

30 10. They were mounted in "Entellan" mounting medium and stored at 4»C before 
viewing under a fluorescent microscope. 
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Others of the sections were immunostained with the P6 and HI 2 antibodies as 
described in Example 4, Using all three sources of cells, it was found that implantation into 
irradiated muscles of the mdx mouse resulted in the presence of small calibre, 
newly-formed dystrophin-positive fibres- Fcwct were seen than v/bcn mouse cells were 

5 implanted into mouse tissue^ but the numbers vfm still far greater than expected to be due 
to mouse revertant fibres. The best results were obtained iising the neonatal foreskin cells 
as the donor cell for implantation. In muscle sections right in the centre of the muscle and 
near the injection site as many as 68 dystrophin-poative fibres were foimd, arranged in two 
groups - one of 33 fibres and the other of 35 fibres flanking the injection site. Greater 

1 0 numbers of dystrophin-positive fibres were found than have beai reported by other workers 
following the injection of human myogenic cells into nude mouse muscles. The best result 
so far is the iwesence of 5% of dystrophin-positive fibres following implantation of 3 x 10^ 
cells into the mouse muscle. Other researchers have implanted significantly higher 
numbers of myogenic cells into the TA muscle of nude mice. These hosts were not mdx 

1 5 but they used a dystrophin antibody which is specific for human dystrophin to show that 
the newly-formed dystrophin-positive fibres were formed by the fiision of host myQggniP 
cells with mouse muscle. Using nude host mice, their best result was 3.6% of dystrophin- 
positive fibres and this was after the implantation of 10^ cells, i.e. 33 times more cells than 
were injected here. 

20 EXAMPLES 

Introduction of a ^cne into mouse dtrmal fibroblasts, implantation of the pbroblagty 
into the mdx mouse and expression of the gene in muscle fibres of the host mouse 

Mouse denmal fibroblasts for implantation into mdx mouse muscle were infected 
with the Mouse Moloney Leukemia Virus Retroviral Vector carrying the lac Z gene. This 
25 gene codes for p-galactosidase, which when expressed within cells stains a blue colour 
when the usual substrate for p-galactosidase is used in the staining procedure. 

The producer cells containing the retroviral vector were obtained from Dr. J. Price, 
National Institute for Medical Research, Mill Hill, London but this vector is widely 
available. In addition to the retrovirus carrying the lacZ gene it also contains the neomycin- 
30 resistance gene. Thus when target cells are infected with the retroviral vector any cell 
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which becomes infected will also cany the neomycin-resistance gene [Price et aLy Proc. 
Natl. Acad, Sci. USA 84, 156-160 (1987)]. This allows selection of the ceUs which have 
become infected by the retrovirus and hence carry the 2 inserted genes - for LacZ and 
neomycin resistance. Selection is carried out by growing cells in growth medium not 
S supplemented with penicillin and streptomycin as previously desoibed, but supplemented 
with 400 iig/m\ of Geneticin, a neomycin analogue (Sigma Chemical Co). Only the cells 
which have become infected with the retroviral vector will survive in this selection 
medium. 

Mouse dermal fibroblasts were prepared as in Example 1, part 1 to sub-confluency. 

10 The culture medium was removed and replaced with 3 ml of medium N^iiich had been used 
to sustain the growth of the producer cell line which packages the retroviral veaor. To the 
culture medium was added 8 mg/ml of "Polybrene", a reagent that helps the retrovirus to 
attach to the target cells, i.e. in this case dermal fibroblasts. The producer-cell medium was 
removed after 3 hours and replaced with normal growth medium. After 24 hoiu's the 

IS growth medium was removed and replaced with medium containing 400 ^g/ml of the 
neomycin Geneticin. Within 24 hours of infection of cultures with the retroviral vector, 
tiiose cells vAnch have not been retrovirally infected stop dividing and by one week they 
die. The remaining cells were therefore kept in the medium containing Geneticin and 
grown to increase their numbers. All these cells that survived contained the lac Z gene. 

20 The dermal fibroblasts, infected with the retrovirus carrying the p-galactosidase 

gene, were implanted into the muscle of mdx nude nuce. Three weeks after this 
implantation, the muscles were removed and prepared for sectioning as described in 
Example 1 section 5, but in this case sections were histologically examined and were also 
analysed for p-galactosidase activity. This involved cutting 12 [im cryostat sections (as 

25 opposed to 8 ^m for histological and dystrophin analysis reported in Example 1). Sections 
were treated as follows: 

1 . Fixed in 0.5% glutaraldehyde in PBS for 1 5 nunutes on ice. 

2. Washed briefly in PBS + 2mM magnesium chloride, then for 10 minutes in fresh 
wash solution (PBS + 2mM MgCl2), on ice. 

30 3. 10 mins in detergent solution on ice (i.e. PBS + 2mM MgCl2, 0.01% sodium 
desoxycholate, 0.02% "Nonidet P40"). 
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4. Incubated overnight in the dark at 3VC in X-gal solution, the substrate for p- 
galactosidase,i.e.20mM potassium ferricyanide; 20inM potassium ferrocyanide; 2mM 
MgCl2, 0.01% sodium desoxycholate, 0.02% "Nonidet P40", Img/ml X-gal (5-bromo-4- 
chloro-3-ittdolyl p-D-galactoside). 
5 5, Washed2x5minsinPBSatroomtemperature. 

6. Washed once, briefly, in distilled water. 

7. Dehydrated through alcohol, i.e, 5 mins 50%; 5 mins 70%; 5 mins 100%. 

8. Treated 2x5 mins with "Histoclear" (clearing agent). 

9. Mounted in DPX. 

10 The patches of blue colour obtained on the X-gal plates indicate that the lac Z gene 

was successfully expressed in the mouse muscle. 

Also, these same muscle fibres were found to be dystrophin-positive by 
inununostaining: again, there was localisation of p-galactosidase production with 
dystrophin staining, using both the P6 and H12 antibodies (see Example 4). These results 

15 therefore indicated that a gene introduced into the dermal fibroblast ex vivo can be 
expressed within muscle fibres of the irradiated mek mouse when implanted into the mouse 
and that these fibres are also dystrophin-positive. This is another significant result, for it 
shows that these fibres are definitely not revertant fibres as they express the inserted lac Z 
gene and also the dystrophin gene product which is not normally present in the mdx mouse. 

20 BMMPLE7 

l^l^^^^^yUft^ « fPn« into n .n..,>rf«-mi.l fihroMasts. imnlaBtjitiffPI 1?f the fibroM?8t5 
fp^^ p.^ rp<.l having 9 " i««pl«nt of iniured muscle tissne flPd f yprWSiPP ¥ «he 
p^f.^ in fY gfi"erat? »^ff piiisde fibres 

Experiments have also been carried out to determine vyhether Ae lac Z gene would 
25 be expressed in muscles regenerating after traumatic injury. The procedure was similar to 
the above except that mice of the C57BI/10 strain were used. Tliese mice express the 
dystrophin gene, but the introduction of the lac Z gene into the dermal fibroblasts enables 
the fibroblast origin of newly-formed muscle fibres to be verified. 

An initial experiment was carried out in which the irradiated TA muscle of the host 
30 mouse was minced and re-inserted in minced state into the host leg. WhenSxloS /^,z- 
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containing mouse demial fibroblasts woe implanted into the minced muscle in these mice, 
no regeneration of muscle was seen, the muscle site being replaced by fibrofatty connective 
tissue. Also, no blue coloration was observed. 

It was felt fliat the above experiment was unrealistically severe, as the normal 
5 architecture of the muscle was completely disrupted by the mincing. This work was 
therefore rq)eated, but using whole muscle grafts. This involved cutting the distal tendon 
of the host's extensor digitorum longis (EDL) muscle and suturing it back in place. This 
causes the muscle to totally degenerate and regenerate because it is cut offfiDm its nerve 
and blood supply during the procedure of distal tendon cut It then regenerates and its 

10 nerve and blood supply re-enters the muscle during the regeneration stage. The suture of 
the EDL was tied around the distal tendons of the adjacent peroneal muscles to ensure that 
the EDL muscle was held under tension - as described in Watt et al. Nature 368, 406-407 
(1994) [or, more comprehensively, D.J.Watt et al, J. Mus. Res. Cell. Motil. 14, 121-132 
(1993)]. [If the muscle is not held under tension, the muscle atrophies and the experiment 

15 fails]. Three days after the tendon -wbs sutured the deraial fibroblasts were introduced into 
the belly of the muscle by injection using a thin pipette, as for Example 1, part 4. When 
3 x10^ lac Z-containing mouse dermal fibroblasts were implanted into the EDL muscle 
regenerating in this way, a substantial number of p-galactosidase positive fibres were found 
when working with non-irradiated EDL (and with irradiated EDL, what then?). 

20 gXAMPLg S 

y^l fff'^Mg^i**" into ff^fr mouse muscle of dermal fibrob lasts derived from a transgenic 
mouse, carrvinfg »li«s hnman dystrophin gene. 

This experiment was performed to show v^iiether a dystrophin-negative mouse could 
be made to express the human dystrophin gene when this gene was introduced by 
25 implantation. 

Deraial fibroblasts were derived from skin of the mdx mice which were transgenic 
for the full length human dystrophin gene i.e. they had the mdx background, but were 
dystrophin-positive because of the transgene - N. Wells et al. Human Mol Gen. 1 , 35-40 
(1992). The dermal fibroblasts from the mdx transgenic mouse were grown as in 
30 Example 1 , part 1 and injected into irradiated mdx muscle as in Example 1 , part 4. Three 
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weeks after inq)lantation, the injected muscles >vere temoved and ciyostat sections cut from 
the muscles and analysed for histology and for the presence of dystrophin-positive fibres. 
On histological examination, sections were characterised by the presence of high numbers 
of immature, newly formed muscle fibres. When stained with P6 antibody, up to 40% of 
5 the area of individual muscle sections contained dystrophin-positive fibres. Thus in the 
mdx mouse implanted with dermal fibroblasts ^ere the dystrophin gene had been 
introduced by a transgenic route, high numbers of dystrophin-positive fibres were obsCTved 
The sole source of dystrophin in these expaiments was fi^om the implanted transgenic 
dermal fibroblasts carrying the human dystrophin gene. The P6 anti-dystrophin antibody 
10 reacts with human or mouse dystrophin. The sections will therefore be stained with an 
antibody which is specific for human dystrophin. 
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CLAIMS 

1. A method of treatment of muscular disorder in a patient, which comprises 
administering to or adjacent to the muscle cells of the patient immunologically compatible 
dermal fibroblast cells, under conditions e£fective to convert the dermal fibroblast cells to 

5 myogenic cells capable of producing products expressed by muscle-specific genes. 

2. A method according to claim 1, wherein, when the dermal fibroblast cells are 
administered to mice under as nearly as possible the same conditions as in a non-mouse 
patient, at least a proportion of these donor dermal fibroblast cells are converted to 
myogenic cells by fiision between said donor cells. 

10 3. A method according to claim 1 or 2, wherein the donor dermal fibroblast cells are 
taken from the patient to vAiom they are administered. 

4. A method according to claim 1, 2 or 3, wherein the administration to the patient is 
by implanting the dermal fibroblast cells within or injecting them into or adjacent to the 
muscle of the patient. 

15 5. A method according to claim 1, 2, 3 or 4, wherein the conversion is effective to 
increase the number of dystrophin-positive cells found in a biopsy of the muscle of the 
treated patient. 

6. A method according to any preceding claim, wherein the dermal fibroblast cells 
administered contain a muscle-specific DNA which is not present in a normal 

20 concentration in the patient's muscle cells. 

7. A method according to claim 6, wherein the patient is suffering firom muscular 
dystrophy and the dermal cells administered contain the dystrophin gene or a part thereof 

8. A method according to claim 7, wherein the muscular dystrophy is Duchenne's. 

9. A method according to any of claims 1-5, wherein the patient is suffering from an 
25 injury resulting in muscular degeneration. 

10. Use of dermal fibroblast cells, for the preparation of a cell formulation for 
administration to an immunologically compatible patient under conditions effective to 
convert the fibroblast cells to myogenic cells capable of producing products expressed by 
muscle-specific genes. 
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1 1 . Use according to claim 1 0 which finther comprises any one or more of the features 
of claims 2-9. 

1 2. Deraial fibroblast cells \s*ich contain muscle-specific DN A defined in claim 6 or 7. 
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Box I Observations where certain claims were found unsetrchablc (Continuation of item I of first sheet) 



J This internAtion&i search rtport his not been eiublishcd in respca of ceruin claims under Ariiclc 17{2)(a) for ihe following reasons: 

I \, [T\ Claims Nos.: 1-9 

because ihey relate to sab|cct matter not required to be searched by this Authority, namely: 

Remark: Although claims 1-9 are directed to a method of treatment of 
the human/animal body the search has been carried out and based on 
the alleged effects of the composition. 

2. I I Claims Nos.: 

because they relate to parts of the iniernauonal application that do not compiv with the prescribed requirements to such 
an extent that no meanmgful iniernauonal search can be carried out, specificaily: 



I I Claims Nos.; 

because ihey are dependent claims and arc not drafted in accordance with the second and third sentences of Rule 6.4(a). 

I Box 11 Observations where unity of invention is lacking (Continuation of item 2 of fu^st sheet) 
This Internauonal Searching Authority found multiple invenuons in this international applicauon, as follows: 



I. Q As all required additionaJ search fees were timely paid by the applicant, this international search report covers all 
searchable claims. 



^- EI] ^ searchable claims could be searches without effort jusufying an additional fee. this Authoniv did not inviic payment 
' of any additional fee. - r- ^ 



only some of the required additional search fees were timely paid bv the applicant, this iniernauonai search report 
covers only those claims for which fees were paid, speafically claims Nos.; 



required addiiionai search fees were umely paid by the apphcant Consequently, this internauonal search report is 
resutcted to the invenuon first menuoned in the claims; it is covered by claims Nos.: 



Remark on Protest 



[ I The additional search fees were accompanied by the applicant s protesL 
[ j No protest accompanied the payment of addiuonal search fees. 
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